Background. The purpose of this study was to evaluate the significance of the three-layered appearance of coronary arteries in adolescence and adults from intravascular ultrasound scans and to correlate these observations with histopathology.
H igh-frequency intravascular ultrasound is a promising new technology that is able to demonstrate the boundaries of vessel wall layers in vivo.1-5 The ultrasound backscatter from the vessel wall is proportional to the acoustic impedance difference between layers and the spatial distribution of the inhomogeneities within each layer. Early studies with intravascular ultrasound in peripheral vessels demonstrated a characteristic three-layered ultrasound appearance in normal, nondiseased arteries.67 These studies showed relatively bright intimal and adventitial signals separated by a hypoechoic region, corresponding histologically to the medial layer. This three-layered appearance became largely accepted as the characteristic appearance of normal muscular arteries.
High-quality coronary artery images have become available over the past year, and several investigators have observed that the three-layered appearance in these vessels is variable. [8] [9] [10] Even with the excellent resolution afforded by 30-MHz images, we have noted that the three-layered appearance may be absent, particularly in the vessels from younger patients. On this basis, we hypothesized that a certain degree of intimal thickening may be necessary in order for the threelayered appearance to be manifested, i.e., that the three layers may not in fact represent the pattern from a truly normal coronary segment.
To test this hypothesis, we examined a series of coronary artery segments from freshly explanted human hearts and compared the histological results with the ultrasound appearance of layering. Because the backscatter is related to vessel orientation, the pressure within the vessel plays a key role in the ultrasonic appearance and hence, layering of vessel walls." Thus, in this study, tissue specimens were histologically prepared at pressure identical to that during the corresponding image acquisition. In a second phase of the study, we performed clinical imaging studies with freshly transplanted hearts from young donors in which a minimal degree of intimal thickening would be expected. 
Image Classification
All coronary images from both in vitro and in vivo studies were classified into two groups: 1) the clear appearance of three layers for >75% of the lumen circumference (three-layered group) and 2) no appearance of three layers for >75% of the lumen circu'mference (nonlayered group).
No -ayrd Grop
Three Laered Grou We chose to evaluate layering in the entire circumference of a given cross section rather than on a point-by-point basis for several reasons. Small alterations in vessel size and shape during fixation makes precise comparisons between the ultrasound images at a particular point and the corresponding histological radius difficult. In addition, the appearance of layering on the ultrasound images is significantly influenced by the distance between the transducer and the vessel wall and the angle between the plane of the beam and the wall. By analyzing the entire circumference of the vessel, these effects are potentially minimized through averaging. Figure 1A shows two in vitro coronary images that were pressure-perfused at 100 mm Hg, demonstrating clear layering (right) and the lack of circumferential three-layered appearance (left). Of 
Results

In Vitro Results
The distribution of the MITs and MMTs for the three-layered group and the nonlayered group is shown in Figure 1B In the transplant hearts imaged postmortem, the in vitro image findings were similar to those observed when these same vessels were studied in vivo. That is, there was no layering observed within the vessel wall on the ultrasound image. Histological specimens from both cases revealed an average MIT that was less than the 178 ,um. Thus, the in vitro results would predict nonlayering for the in vivo intravascular images. Figure 2B is an image from one of these transplant patients demonstrating the lack of circumferential vessel wall layering. The pressure-fixed histological sample from the proximal left anterior descending coronary artery of this patient showed the intimal layer to In peripheral vessels, the composition of the medial layer varies according to the location. Muscular arteries contain a media composed largely of smooth muscle cells with little collagen and elastin. This layer is poorly echo-reflective and forms a large acoustic mismatch between the surrounding layers, which results in a three-layered appearance on the ultrasound image.'6-18 Elastic vessels have a media that contains a large proportion of elastin and collagen, both of which are strongly echo-reflective. Thus, the acoustic impedance difference between layers is much less than in muscular vessels, and hence, distinct layering is not as clearly appreciated on the image. Because peripheral muscular arteries have a greater total thickness than coronary arteries, three layers can be observed by ultrasound even in nondiseased peripheral vessels. Coronary arteries are of the muscular type, with the exception of the most proximal portion of the left main artery, which is transitional in composition.
Natural history studies of the coronary vasculature have demonstrated that the degree of intimal thickening is age-and sex-related. The intimal layer thickens through adolescence and near the age of 30 years exceeds the dimensions of the underlying medial layer.22 These same pathological studies show that the medial thickness does not change significantly in adolescents or young and mature adults. Thus, in young vessels and vessels with mild to moderate intimal thickness, the medial layer remains nearly constant and the overall thickness of the vessel is primarily a function of intimal growth. In advanced disease, the medial layer thins because of plaque encroachment and remodeling.
In our study, the histology and images from the 72 coronary cross sections showed similar findings to those pathological studies in adolescents and adults with mild disease. For the two groups (three-layered and nonlayered) the average medial thickness was nearly the same, yet the intimal thickness was significantly different. In addition, the individuals in the nonlayered group were younger than those in the three-layered group, which is consistent with the age-related changes observed in the prior postmortem studies. Thus, we would expect a significant proportion of adult patients with coronary disease presenting for cardiac catheterization to show a three-layered ultrasound appearance even in segments that may appear angiographically normal.
This study demonstrates that in young, nondiseased coronary vessels, both in vitro and in vivo imaging show lack of a three-layered appearance. In mildly diseased, older vessels, three layers are not observed until the intimal layer thickens sufficiently so that the overall thickness of the vessel wall becomes resolvable at 30 MHz. For the ultrasound system used in this study, this threshold was approximately 178 gim. Thus, the presence of three layers in coronary vessels, unlike the thicker muscular peripheral vessels, indicates the presence of disease.
The results of this study are dependent on the specific ultrasound system used. The 178-m threshold will vary for different imaging systems because of different center frequencies and dynamic range. A lower frequency, such as 20 MHz, may require a greater intimal thickness before layering on the image becomes apparent. On the other hand, if a system with greater dynamic range were available, thinner intimal layers could probably be detected. In fact, the results of this study could also be interpreted as showing that early intimal thickening is acoustically more similar to media than later thickening; therefore, it may be the composition and not the thickness of the layer that determines its appearance. 
